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Introduction
Stock variable and flow variable are two important types of variables to describe the dynamic change of complex systems (Ford, 2009) , such as social, economic, ecological, and environmental systems. A stock variable is measured at a specific time and represents the quantity at the time of measuring, while a flow variable is measured over a specific period and expressed as the quantity per unit of time. Therefore, a stock variable usually has its corresponding flow variable, and vice versa. In general, the change in a stock variable from the beginning to the end of a unit time interval is equal to the corresponding flow variable per unit of time, and the accumulation of a flow variable from the time when the stock is 0 is equal to the corresponding stock variable.
In socio-economic and environmental analyses, interpolation and temporal disaggregation are widely used to produce high frequency (e.g. quarterly or monthly) data from low frequency (e.g. annual or quarterly) data (Dagum and Cholette, 2006) .
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Interpolation is used for stock variable to construct a time-dependent function that passes through all known points (Chen and Li, 2005) , while temporal disaggregation (also called temporal distribution) is used for flow series to obtain a continuous flow function or flow values in different time intervals from observed flow data for specified time intervals (Di Fonzo, 2003) .
Up to now, many methods for temporal disaggregation have been proposed, which can be classified into two types depending on whether auxiliary information is used (Di Fonzo, 2003) . In cases with auxiliary information, flow series can be disaggregated using regression models (Chow and Lin, 1971 ) and dynamic models (Di Fonzo, 2003) , etc. Otherwise, flow series can be disaggregated using purely mathematical methods (Lisman and Sandee, 1964; Boot et al., 1967; Gudmundsson, 2001 ) and time series analysis models (Wei and Stram, 1990), etc. Feijoó and Caro (2003) compared commonly used methods for quarterly disaggregation of annual series without quarterly indicators using a Monte Carlo simulation, and proposed conditions to use different disaggregation methods. Among disaggregation methods without auxiliary information, time series analysis models usually require longer series, while purely mathematical methods can be used for both longer and shorter series. For pure mathematical methods, assumptions on the smoothness of the series and/or some plausible minimizing criteria are required to estimate the flow series. Usually different assumptions result in different flow estimates (Feijoó and Caro, 2003) , and there is no universal assumptions that can be applied to different time series.
The grey systems theory, first proposed by Deng (1982) , is a new systems theory that focusses on shorter or grey series with poor information. The theory of grey systems has developed rapidly during the past three decades, which include systems analysis, evaluation, modeling, prediction, decision making, control, and optimization (Deng, 1989; Liu et al., 2012) . The grey theory has been applied in various types of grey systems (Li et al., 2013; Yang and Wang, 2013) . In grey systems theory, accumulated and inverse accumulated generating operators are two important operators (Deng, 1989; Liu et al., 2010) . Main steps of the grey modeling include: generating the accumulated series through once or more times accumulated generating operation of the original series to obtain approximate exponential or other laws; defining an appropriate differential equation to describe the accumulated series and estimating model parameters from observation data using least square method; and predicting the original series from response equation of the accumulated series through inverse accumulated generating operation. In recent years, some modified accumulated generating operations had also been used in grey modeling, such as weighting accumulated generating operation (Qian et al., 2009) , accumulated generating operation in opposite direction (Lian et al., 2013) , and fractional order accumulated generating operation (Xiao et al., 2014) . Similar to all other curve fitting methods, grey models are usually applicable to time series with a specified variation patters, and cannot pass through all observation points. On the contrary, interpolation curve with appropriate interpolation method can pass through all observation points.
Considering the similarity between temporal disaggregation and interpolation and the relationship between flow and stock variables, an alternative approach for temporal disaggregation is to transform the disaggregation of flow variables to the interpolation of the corresponding stock variables. This transformation can be accomplished by accumulated generating operation used in grey modeling. After this transformation, more appropriate methods can be used for temporal disaggregation since the theory and methods for interpolation have been well developed, where the disaggregated flow
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Temporal disaggregation series can be obtained from interpolated stock series through inverse accumulated generating operation.
In this paper, a new temporal disaggregation method, the accumulation, interpolation, differentiation (AID) method, is proposed to disaggregate flow series based on the accumulated and inverse accumulated generating operations and the interpolation method. The effectiveness of the AID method is illustrated with a sales series.
The AID method for temporal disaggregation
This disaggregation method includes three main steps, including AID. First, a low frequency flow series is transformed to the corresponding stock series through accumulated generating operation. Then, the stock series is disaggregated through appropriate interpolation method. And finally, the disaggregated stock series is transformed back to high frequency flow series through inverse accumulated generating operation.
2.1 Transformation of flow series to stock series through accumulated generating operation Suppose we have a low frequency observation flow series x ki , i ¼ 1, 2 ,…, n, where n is the number of observations and k is the number of high frequency time steps within an observation time step, and the expected high frequency series is y t , t ¼ 1, 2 , …, kn. Through accumulated generating operation, we can transform the low frequency flow series to accumulated stock series, f ki , i ¼ 0, 1 ,…, n:
Interpolation of accumulated stock series
Now we have n + 1 points for the accumulated stock series, f ki , i ¼ 0, 1, 2 ,…, n. These discrete points can be regarded as functional data (Ramsay and Silverman, 2005) , and can be approximated with appropriate polynomials or piecewise polynomials, S(t), 0 ⩽ t ⩽ kn, that meet the following interpolation conditions:
The chosen of appropriate interpolation methods relies on the number of interpolation points and the properties of the original flow series and accumulated stock series, such as the smoothness and monotonicity. In general, polynomials are appropriate for smaller n, and piecewise polynomials for larger n. Considering the smoothness of the flow series, the interpolation polynomials should be second-order continuous and differentiable function, such as second or higher order polynomials and cubic splines. In practice, the monotonicity of the accumulated stock series should be generally considered in choosing appropriate interpolation method to meet the requirement of the non-negativity of the original flow series. Through interpolation, values of accumulated stock series ( f t ) at arbitrary time t can be approximated with the corresponding values of the interpolation polynomials or piecewise polynomials:
2.3 Transformation of the interpolated stock series to disaggregated flow series through inverse accumulated generating operation From the interpolated stock series, the original low frequency series can be disaggregated to high frequency series ( y t ) through inverse accumulated generating operation:
In summary, the above disaggregation method includes three steps of AID (inverse accumulation). Therefore, this method is named as AID method. In this method, only the assumption on the smoothness of the flow series is necessary, and no plausible minimizing criterion is required as pure mathematical methods for temporal disaggregation. The problem of temporal disaggregation for flow variable is converted to the problem of interpolation for the corresponding stock variable. Since computing tools for interpolation are well developed than disaggregation, such as the Matlab package (Moler, 2004) , the AID method is more easy to be applied.
Case study
We used the series M of sales data taken from Box and Jenkins (1976) to illustrate the application of the AID method. This series had also been used by Wei and Stram (1990) to illustrate the disaggregate method based on the time series analysis model. The series include 150 values for sales, x t , t ¼ 1, 2, … ,150. Similar to Wei and Stram (1990) , these 150 values are aggregated to 50 values of the third-order aggregated series y 3t :
The aggregated series is then accumulated to obtain the accumulated series, f 3t :
The accumulated series is used for interpolation to estimate values of f t ≈ S(t) at t ¼ 0, 1, 2, … , 150. Considering the non-negativity of the original sales series or the monotonicity of the accumulated sales series, a monotone piecewise cubic interpolation method proposed by Fritsch and Carlson (1980) is used to approximate the accumulated sales series. This interpolation method is characterized by preserving the monotonicity of the accumulated series and having a continuous first derivative. The monotone piecewise cubic interpolation function for each time interval 3(t-1) ⩽ T ⩽ 3t, t ¼ 1, 2, … , 50, is:
where h ¼ ΔT ¼ 3, s ¼ T-3(t-1), d 3t and d 3(t-1) represent the slopes of the interpolant at knots 3t and 3(t-1), respectively. The slope at a knot can be estimated from the lengths and the first divided differences of two adjacent intervals (Fritsch and Carlson, 1980; Moler, 2004) . The interpolation procedure can be accomplished by the interp1 function of the Matlab package (Gilat and Subramaniam, 2011) :
where S is the interpolated accumulated series at time t ¼ 1, 2, … , 150, f is the accumulated third-order aggregated series at time t' ¼ 0, 3, … , 150, and "cubic"
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Temporal disaggregation specifies the interpolation method of monotone piecewise cubic interpolation. Comparison of the accumulated sales series and the interpolation results is shown in Figure 1 , which shows that the interpolation results approximate the accumulated sales series fairly well.
From the interpolated series S(t), t ¼ 0, 1, 2, … , 150, the disaggregated sales series can be calculated through inverse accumulated generating operation, which is:
The comparison of original and disaggregated sales series is shown in Figure 2 . The variation of disaggregated sales series also follows the original series fairly well. Mean absolute error (AE), mean relative error (MRE), and root mean-square error (RMSE) between disaggregated and original data are used to evaluate the disaggregation method, which can be calculated from: 
As a result, MAE and MRE of the AID method are 0.53 and 0.23 percent, respectively, which are both very small. RMSE of the AID method is 0.674, which is about 5 percent greater than the RMSE of 0.640 using time series model (Wei and Stram, 1990) , and much less than the RMSE of 1.006 using the "white noise estimate" (Wei and Stram, 1990) . Although the disaggregation results of AID method are slightly poorer than the time series model (Wei and Stram, 1990) , the AID method is much simpler in computation than the time series model, because no specific model is required for the AID method. What's more, the AID method can be used for short grey series. Four or more aggregated flow data are sufficient for the AID method, while time series model requires much more data and cannot be used for grey series. For example, when the first six aggregated data are used to estimate 18 disaggregated sales data, there are seven accumulated aggregated data that can be used to construct a six-piece cubic spine. The results of estimated disaggregated data for the first 18 sales data with these six and all 50 accumulated aggregated data are shown in Figure 3 . The estimated disaggregated data with less aggregated data is very close to that with more aggregated data except for time near the boundary, and also close to the original series. These indicate the applicability of the AID method for short grey series.
Discussion and conclusions
This paper presents the AID method to disaggregate flow series when auxiliary information is not available. This method is based only on the assumption that flow series is smooth over time, and no plausible minimizing criterion is required. The procedure of the AID method is similar to the grey modeling. Both of them include two important steps, the accumulated generating operation and the inverse 
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Temporal disaggregation accumulated generating operation. Their major difference is that interpolation of accumulated series is performed in the AID procedure, while grey differential equation and parameter estimation are used in the grey modeling. One major advantage of the AID method is that the specific model form is not required. When choosing appropriate interpolation method, values at unobserved time can be estimated through interpolation, which can be applied to series with complex variation pattern. Considering characteristics of interpolation and regression analysis, the interpolation method is more preferable in cases with less observation errors, and grey models or other regression models are more preferable in cases with large observation errors and specified variation patterns of the flow series under consideration.
The AID method is illustrated with a sales series and the disaggregation results are satisfactory. Compared with time series models for disaggregation, the AID method is simple in computation, and can be used to both long series and short grey series. This case study is an example of flow series observed in equal time steps. However, the AID method can also be used for flow series observed in unequal time steps after minor modifications (Shang, 2013) .
The accumulated generating operation is one of the most important operations in grey systems theory, and forms the base for grey modeling. The AID method indicates that the accumulated generating operator can be used in more broad fields, and the accumulated generating operation can be studied as a general operation in data analysis and modeling in the future.
